Anticancer therapy aims to kill malignant cells while minimizing the adverse effects on normal cells. The targeted delivery of toxic moieties to tumor cells by attaching them to antibodies, antibody fragments, or ligands that recognize overexpressed cell surface markers is a promising approach (1, 2) . However, the use of biomacromolecules, such as peptide-, protein-, and nucleic acid-based drugs, as targeted therapeutic agents is made difficult by their limited ability to permeate the plasma membrane (3) . Because of their ability to cross the plasma membranes of mammalian cells, cell-penetrating peptides (CPPs) are potential carriers of bioactive biomacromolecules (3, 4) . However, the penetration of most CPPs into tumor cells and normal cells has been observed to occur at a similar level. Therefore, the use of CPPs for targeted therapy is limited by their unrestricted cellular translocation (3) .
One strategy for improving the therapeutic index of CPPs in cancer targeting therapy is to add selectivity to the CPPs by attaching them to molecules that specifically bind to cell surface markers (5) (6) (7) . Another approach is to use CPPs to deliver cargos that are specifically toxic to cancer cells. The CPP-directed translocation of p53-derived peptides is a typical example of this strategy. p53 is a sequence-specific transcription factor that binds DNA and transactivates cellular proteins involved in growth and cell cycle regulation (8) . In the absence of an activator, the sequence-specific DNA-binding activity of p53 is negatively regulated by its C-terminal sequence (amino acids 363-393). If the exogenous C-terminal p53 peptide (amino acids 361-382, p53p) is present, however, it can bind to p53 and restore its DNA-binding function (9) . After delivery into cells by the CPP penetratin (Antp), the p53p peptide induces p53-dependent apoptosis in premalignant and malignant cell lines. The p53p peptide is relatively nontoxic to both p53-null cancer cells and normal cells (10) (11) (12) (13) .
Using the same concept as p53p delivery, two fusion peptides, PNC27 and PNC28 containing the N-terminal domain of p53 (amino acids [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and Antp were designed by Pincus and colleagues (14) . Because the N-terminal domain of p53 can disassociate p53 from the p53-MDM2 complex, PNC27 and PNC28 were expected to inhibit proliferation and induce apoptosis in tumor cells in a p53-dependent manner. As expected, these peptides were preferentially toxic to malignant cells and relatively nontoxic to both untransformed and normal cells. However, both peptides killed cancer cells by inducing p53-independent necrosis, rather than via p53-dependent apoptosis (14) (15) (16) (17) . This result suggested that the selectivity of these peptides is not determined by the p53-derived domain they contain. Because the leader peptide Antp in PNC28 changed the predicted mechanism of the fused p53-derived peptide (18) , an interesting question is whether the leader peptide Antp contributed to the observed preferential cytotoxicity of PNC27 and PNC28 in tumor cells. If this was the case, identification of the molecular portal that mediates the preferential cytotoxicity of the Antp-directed peptide will be important.
Because of their cationic nature, it was originally thought that the importation of CPPs including Antp occurs via direct permeation through the negatively charged plasma membrane and that CPPs should, consequently, possess low cell specificity (19) . More recently, the finding that either enzymatic or genetic removal of surface glycosaminoglycans (GAGs) in vivo results in the reduction or abolition of CPP uptake indicates that the cell surface GAGs are important molecular portals of CPPs (20) (21) (22) (23) . Interestingly, Jain et al. (24) found that coinjection with Antp significantly improved the tumor retention of a sc(Fv) 2 antibody. Mueller et al. (25) also found that Antp is internalized to a greater extent by human cervix carcinoma cells (HeLa) than by normal cells, such as human embryonic kidney (HEK293), African green monkey kidney (Cos-7), and Madin-Darby canine kidney (MDCK) cells. Because aberrant expression of GAGs is common on tumor cells (26, 27) , it is possible that the initial binding of Antp to surface GAGs overexpressed on tumor cells contributes to the preferential cytotoxicity of Antp-directed peptides.
In the present study, we used PNC27 as a molecular model to investigate the contribution of the leader peptide Antp to the preferential cytotoxicity of Antp-directed peptides. First, we constructed three fusion peptides, PR9, PT, and PD3, by replacing the leader peptide Antp in PNC27 with the CPPs, R9, TAT (4), and DPV3 (28), respectively. We then used the leader peptide Antp and three mitochondria-disrupting peptides, KLA (29) , truncated BMAP27 (B27), and BMAP28 (B28) (30, 31) , to construct three novel chimeric peptides, KLA-Antp (KGA), B27-Antp (BA27), and B28-Antp (BA28), respectively. After comparing the cytotoxicity and specificity of these peptides, we investigated the role of several major tumor cell surface GAGs in the cellular translocation and cytotoxicity of the Antp-directed peptides. Our results demonstrate that all of the Antp-directed peptides we tested are preferentially cytotoxic to tumor cells. Our results also demonstrate that the initial binding of Antp to the surface chondroitin sulfate (CS) GAGs, which are overexpressed on tumor cells, contributes to the preferential cytotoxicity of Antp-directed peptides.
EXPERIMENTAL PROCEDURES
Peptide design and synthesis To investigate whether the leader peptide Antp contributes to the preferential cytotoxicity of PNC27, we constructed three novel peptides, PR9, PT, and PD3, by replacing the leader sequence of PNC27 with three nonspecific CPPs, R9, TAT, and DPV3, respectively. KLA, B27, and B28 are able to induce considerable mitochondrial swelling at low micromolar concentrations (30) (31) (32) . KLA has been widely used as a cytotoxic domain to construct hybrid molecules that target different types of tumor cells (29, 32) . Molecules containing KLA have also been shown to exhibit leader sequence-dependent cytotoxicity in target cells. These facts suggest that the cell specificity of hybrid molecules containing a mitochondriadisrupting peptide depends largely on its leader sequence. Therefore, we used the leader peptide Antp and one of three mitochondria-disrupting peptides, KLA, B27, and B28, to construct three novel chimeric peptides, KGA, BA27, and BA28, respectively. Three control peptides, TAT-KLA (TK), TAT-BA27 (TB27), and TAT-B28 (TB28), were constructed by attaching KLA, B27, and B28, respectively, to the N-terminus of the nonspecific CPP TAT. All peptides ( cells per well) were plated in a 96-well plate and allowed to further attach for 12-18 h. The cells were washed once with media lacking serum and peptides were added to the cells in 100 µl RPMI 1640 containing 2% BSA. The same amount of suspension cells were collected and seeded in the 96-well plate immediately before addition of the peptide. After incubation at 37°C for 1-2 h, 10 µl CCK-8 solution was added to the well and the cultures were further incubated for 2-4 h. Samples were prepared in triplicate and the absorbance was measured at 450 nm. The cytotoxicity of the peptides is expressed as the percentage viability of the cells that were treated with a control peptide, URP. The IC 50 values of the peptides were obtained from their respective cell viability curves. The Live/Dead BacLight bacterial viability kit (Molecular Probe) was used as an additional method to evaluate the cytotoxicity of the peptides. Based on the differences in membrane permeability, the Syto 9 and propidium iodide (PI) mixture stained living cells green and dead cells red. Apoptosis assays Apoptosis assays were performed according to Rege et al. (29) . Briefly, the presence of phosphatidylserine (PS) on the outer membranes of cells, which identifies early apoptosis, was detected using an FITC-Annexin V /PI kit (Invitrogen). The Annexin V+/PI-and Annexin V+/PI+ cells were considered to be apoptotic and necrotic cells, respectively. Mitochondrial depolarization was examined by JC-1 staining (Invitrogen). The pan-caspase inhibitor z-VAD-Fmk (Invitrogen) was used to probe the possible involvement of the caspase-mediated apoptotic pathway. Binding of peptides to glycosaminoglycans The binding affinity of the peptides for the GAGs was determined on the basis of intrinsic tryptophan fluorescence (34) . Peptide solutions (2 µM, in 10 mM Tris-HCl, pH 7.4, 50 mM NaCl ) containing increasing concentrations (0-3 µg/ml) of GAGs were incubated at 20°C for 30 min to reach a binding equilibrium. Fluorescence spectra in the range of 300-400 nm were measured on a Hitachi F-7000 fluorescence spectrofluorometer at an excitation wavelength of 280 nm. The binding of affinity of the peptides to the GAGs was identified by an increase in the ratio of fluorescence intensity of a peptide incubated with GAG (F) to that of a peptide incubated without GAG (F 0 ). The peptide-GAG complex was also isolated from unbound peptide by HPLC using a Superose 12 HR 10/30 column. The bound peptide was further disassociated from the peptide-GAG complex in the presence of 500 mM NaCl. Then, the bound peptide was isolated by RP-HPLC using a Jupiter Proteo column (150 mm×4.6 mm, Phenomenex, USA) and identified by MALDI-TOF mass spectrometry.
Effect of glycosaminoglycans on cellular translocation and cytotoxicity of peptides
The peptides were preincubated with GAGs at 37°C for 5 min and then added to cells. The cytotoxicity of a peptide was detected using a peptide control that had not been preincubated with GAGs. An antibody (CS-56, Santa Cruz Biotechnology Inc) against CS was used to evaluate the expression of CS by flow cytometry(FACS). To remove cell surface CS, cells were digested with chondroitinase ABC (Sigma) for 1 h according to the instructions. The cellular translocation of peptides into the cells and the cytotoxic effects of peptides on the cells were determined for both digested and undigested cells. In vivo mouse tumor xenograft models All protocols for the in vivo experiments were approved by the University Animal Care and Use Committee. Six-to eight-week-old female BALB/c nu/nu mice were obtained from the University Animal Production Center. Pooled tumor cells (6×10 6 cells in 200 μL saline) were injected subcutaneously into the front limb regions of mice. At the onset of a palpable tumor (30~50 mm 3 ), the mice were randomly assigned to one of two groups. Mice in the treatment group (n = 5) were intraperitoneally injected with 20 mg/kg peptide on a daily basis for five consecutive days, and mice in the control group (n = 5) were injected with equivalent volumes of PBS. The tumor volume (mm 3 ) was calculated as length × width 2 × 0.5. The intratumor experiments were performed according to the description provided by Law et al. (35) . When the tumor sizes were approximately 300-500 mm 3 , 100 μg peptide per 100 μL PBS was injected into the tumor. An equal volume of PBS was injected into the control tumor. The animals were sacrificed 24 h post-injection. Tumor tissues were excised, paraffin-embedded, sectioned, and stained with H&E to examine the histological architecture. Primary rabbit polyclonal antibody against human cleaved caspase-3 (Asp175, Cell Signaling) and TUNEL staining (Invitrogen) were used to evaluate the apoptosis of tumor cells. Simultaneously, the histological architecture of important organs from mice intraperitoneally and intratumorally injected with peptides were examined by H&E staining and compared to that of mice in the control group.
Statistical Analysis Results are expressed as mean ± S.D. of at least three experiments. Multiple comparisons were made with SPSS software.
RESULTS
The leader peptide penetratin (Antp) contributes to the preferential cytotoxicity of PNC27. PNC27, containing the leader peptide Antp and the N-terminal domain of p53 (12-26 aa), was previously found to be preferentially cytotoxic to tumor cells (14) (15) (16) (17) . We first assessed the cytotoxicity of PNC27 to both tumor and normal cells in vitro. As shown in Figure 1A , PNC27 induces obvious toxicity in a variety of tumor cells, including HeLa, MDA-MB-435S, and MDA-MB-231 cells. The IC 50 value of PNC27 in the tumor cells was within the range of 15-20 μM. In contrast, the normal cells (HUVECs, ECV304, and L02) were generally more resistant to PNC27 (with IC 50 values over 50 μM). These results indicate that PNC27 is preferentially cytotoxic to tumor cells. In contrast, the chimeric peptides, PT, PD3, and PR9, that used other CPPs as their leader peptides, displayed a similar degree of toxicity in tumor and normal cells ( Figure 1B , C and D). The unconjugated leader peptides Antp, TAT, R9, and DPV3, as well as the p53 (12 -26 aa) domain were nontoxic to all tested cells, even at high concentrations of 100 μM (data not shown). These results demonstrate that the leader peptide Antp determines the specificity of PNC27 cytotoxicity. The Antp-KLA fusion peptide KGA preferentially induces apoptosis in tumor cells. Figure S1A shows that the KLA-Antp conjugate KGA induced approximately 50-90% cell death in HeLa cells at concentrations ranging from 2.5-10 μM. The loss of viability in HeLa cells was accompanied by condensed nuclei, rounding and cell detachment ( Figure S1B ). In contrast, the unconjugated Antp, KLA, and the control peptide URP were nontoxic to HeLa cells even at high concentration of 25 μM. These data indicate that conjugation to Antp significantly enhanced the cytotoxicity of KLA peptide in tumor cells. Time-course assays demonstrate that KGA exerts cytotoxicity in tumor cells within 5 min ( Figure S4 ). As shown in Figure  2A , tumor cells, including HeLa, A549, A375, and MCF-7 cells, were sensitive to KGA. The IC 50 values of KGA in these cells were within the range of 5-10 μM. Conversely, normal cells, such as HUVECs, HCM, hPBMCs, and HK-2, were more resistant to KGA with IC 50 values over 25 μM (Figure 2A , left panel). In contrast to KGA, the chimeric peptide TK (containing KLA and another leader peptide, TAT) showed similar cytotoxicity in both tumor and normal cells (Figure 2A , right panel). The Live/Dead assay, utilizing double staining with Syto 9 and PI, demonstrated that the sensitivity of HeLa cells to KGA cytotoxicity differed from that of HUVECs ( Figure 2B , left panel). Over 90% of the 1×10 4 HeLa cells and 10% of the HUVECs were killed by KGA at a concentration of 10 μM. However, TK killed about 90% of both cell types at the same concentration. These results indicate that the Antp-directed peptide KGA is preferentially cytotoxic to tumor cells. We also observed a positive association between the cellular translocation and cytotoxicity of KGA. Figure 2B (right panel) shows that, while KGA penetrated over 90% of the HeLa cells, it only penetrated about 10%-20% of the HUVECs. Moreover, the amount of peptide internalized by individual HeLa cells and HUVECs was also significantly different ( Figure 2B, right panel) Figure 2C ). The KGA peptide translocated to mitochondria shortly after entering the cell (5-10 min) ( Figure S5A ). About 1 h later, the granule-like mitochondria were absent in most cells treated with KGA ( Figure 2D , left panel).Significant decreases in the membrane potentials of mitochondria were revealed by changes in the red/green fluorescence ratio from 93.7/6.3 to 28.8/71.2 after treatment with 40 μM KGA ( Figure 2D, left panel) . Furthermore, exposure to the pan-caspase inhibitor z-VAD-Fmk reduced the 2-6 μM KGA-induced death of HeLa cells by 5-20% ( Figure 2D, right panel) . Taken together, these data indicate that KGA induces caspase-dependent apoptosis in tumor cells.
The Antp-truncated BMAP fusion peptides BA27 and BA28 preferentially induce apoptosis in tumor cells.
As shown in Figure S2 , unconjugated B27 only induced mild (<20% cell death) cytotoxicity in MDA-MB-435S at 12.5 μM. The B27-Antp conjugated BA27 induced approximately 50-80% cell death at 5-10 μM. This indicates that the B27-Antp conjugate enhanced cytotoxicity in tumor cell. Figure S3 shows that conjugation of B28 to Antp also significantly increased its cytotoxicity in K562 cells. The results of time-course assays demonstrate that BA27 and BA28 kill tumor cells rapidly ( Figure  S4 ). Figure 3a (left panel) shows that BA27 was toxic to tumor cells, including HeLa, A549, MCF7, MDA-MB-435S, DU145, and K562 cells with IC 50 values ranging from 3 to 6 μM. BA27 was, however, relatively nontoxic to normal cells, such as ECV304, HUVECs, HCM, and HK2. The IC 50 values of BA27 in these normal cells more than 20 μM. Figure 3b (left panel) shows that BA28 was also more cytotoxic to tumor cells than to normal cells. The IC 50 values of BA28 in the tumor cells were between 3 and-8 μM, while the IC 50 values of B28 in normal cells were more than 20 μM. TB27 and TB28, however, were similarly toxic to both tumor and normal cells ( Figure 3A and 3B, right panel). These data indicate that the leader peptide Antp renders both BA27 and BA28 preferentially cytotoxic to tumor.
Phosphatidylserine assays demonstrated that BA27 induces apoptosis of MDA-MB-435S cells. After treatment with 0, 5, 10, and 20 μM BA27 for 10 min, the percentage ratios of apoptotic/necrotic cells, as determined by FACS, were 1.9/2.0, 6.5/18.9, 10.2/24.8, and 2.0/39.4, respectively ( Figure 3C ). The BA27 peptide translocated to the mitochondria shortly after entering the cell (5-10 min) ( Figure S5A ). The apoptosis of BA27-treated tumor cells was accompanied by the disappearance of granule-like mitochondria. The loss of mitochondrial membrane potential was determined by the change in the red/green fluorescence ratio, which decreased from 90.9/9.1 to 58.8/41.2 ( Figure 3D, left panel) . Moreover, in the presence of the pan-caspase inhibitor z-VAD-Fmk, the 2.5-7.5 μM BA27-induced death of MDA-MB-435S cells was reduced by 5-30% ( Figure 3D, right panel) . These results demonstrate that BA27 kills tumor cells by inducing caspase-dependent apoptosis. Moreover, the pathway involved in BA28-induced cell death was similar to that initiated by BA27 (data not shown).
Penetratin (Antp) contributes to the binding of Antp-directed mitochondria-disrupting peptides to
GAGs. The binding of peptides to GAGs was determined on the basis of the changes in intrinsic tryptophan fluorescence upon binding. A fixed concentration of a peptide was mixed with various concentrations of GAGs, and the fluorescence spectra were measured at equilibrium. As shown in Figure 4A , the maximum emission wavelength (λ max ) for Antp was 348.4 nm. An increase in the CS concentration blue-shifted the λ max to 342.8 nm and the emission intensities at 342.8 nm were increased in a CS-dependent manner ( Figure 4A , inset). These results indicate that the binding of Antp to CS causes a change in fluorescence. Similarly, the λ max of BA27 also blue-shifted from 347.6 nm to 339.6 nm and the emission intensities at 339.6 nm increased in a CS-dependent manner. No obvious λ max blue shift and intensity enhancement were observed after the unconjugated B28 was incubated with CS, however, indicating that the unconjugated B28 has weak affinity for CS ( Figure 4A ). Taken together, these results suggest that Antp binds to CS and that this binding leads to the binding of Antp-directed peptides to CS. No obvious λ max blue shift and intensity enhancement were detected after peptides were incubated with sodium hyaluronate (HA) (Figure 4B ), suggesting that all the peptides tested have weak affinity for HA. The binding of KGA and BA27 to CS, but not HA, was also confirmed using intrinsic tryptophan fluorescence assays (not shown). In contrast, TAT showed high affinity for both CS and HA ( Figure  S6 ), which might be an important cause for the nonspecific cell penetration of TAT and TAT-directed peptides.
Chondroitin sulfate glycosaminoglycan inhibits the cellular translocation and reduces the cytotoxicity of Antp-directed mitochondriadisrupting peptides. To identify the binding target of peptides on tumor cells, we first examined the effect of inhibition by exogenous GAGs, including CS and HA, on the cytotoxicity of Antp-directed peptides. We found that preincubation of peptides with CS (50-200 μg/mL) significantly (30-90%) reduced cell death in HeLa cells exposed to 10 μM KGA ( Figure 5A , left panel) or BA27 ( Figure 5B , right panel). Exogenous CS (100 μg/mL) was observed to block the cellular translocation of FITC-labeled KGA into HeLa cells ( Figure 5B ). However, exogenous HA had no effect on the cytotoxicity of the Antp-directed peptides. We propose that CS may be the binding target that mediates the cytotoxicity of Antp-directed peptides. To further confirm the role of endogenous CS in mediating the cytotoxicity of the Antp-directed peptides, we examined the cytotoxicity of these peptides to tumor cells where the surface CS had been removed by chondroitinase ABC. When the chondroitinasedigested HeLa ( Figure 5C , left panel) and A549 ( Figure 5C , right panel) cells were exposed to 5 μM KGA or BA27, cellular viability increased from 30-40% to 60-90% in a dose-dependent manner with increasing concentrations of chondroitinase. These results demonstrate that CS on tumor cells serves as an important molecular portal that mediates the cytotoxicity of KGA and BA28. The surface CS levels were found to be about 2-5 times higher on tumor cells than on normal cells ( Figure 5D, left panel) . Both The intracellular content of both unconjugated Antp and the Antp-directed peptide BA27 in tumor cells is 2-3-fold higher than that in the normal cells ( Figure 5D, right panel) . The positive association between the cell entry of the peptides and the level of surface CS suggests that the overexpression of surface CS on tumor cells contributes to the preferential cytotoxicity of Antp-directed peptides. Neither the preincubation of the peptides with CS ( Figure 5A ) nor the removal of surface CS ( Figure  5C ) (<10%) protected HeLa and A549 cells when exposed to TK or TB27. This result indicates that TAT-and Antp-directed peptides rely on different molecules for initial membrane binding and cell entry.
Penetratin (Antp)-directed mitochondriadisrupting peptides BA27 and BA28 suppress tumor growth in vivo. As shown in Figure 6A (left panel), intraperitoneal injection of BA27 (20 mg/kg) substantially suppressed the growth of tumor xenografts. From day 12 through completion of the study, the mean tumor volume of BA27-treated mice was significantly different (P < 0.01) from the control group. BA28 (20 mg/kg) also demonstrated a tumor-suppressing effect. The mean tumor volume of BA28-treated mice was significantly different (P < 0.01) from the control group beginning on day 16 ( Figure 6A , right panel). Following the injection of the tumors with 100 μg BA27 for 24 h, extensive necrotic areas, TUNEL, and cleaved caspase-3-positive staining were observed in the cell residues at the injection sites ( Figure 6B ), indicating that BA27 induced caspase-dependent apoptosis of tumor cells in vivo. At the end of the experiment, no obvious histological damage was observed to the liver, kidney, and heart of mice injected intraperitoneally and intratumorally with peptides (data not shown).
DISCUSSION
In this paper, we have constructed three novel chimeric peptides by attaching the leader peptide Antp to one of three mitochondria-disrupting peptides. After comparing the cytotoxicity of the novel Antp-directed peptides to that of other CPP-directed peptides, we have provided the first evidence that Antp-directed peptides (KGA, BA27, and BA28) are preferentially cytotoxic to tumor cells and that Antp contributes to this preferential cytotoxicity. We used experiments in which the three novel peptides were preincubated with exogenous GAGs or the endogenous cell surface GAGs were enzymatically removed. The results of these experiments indicate that surface CS is an important molecular portal for the internalization of Antp-directed peptides. Our results also suggest that the initial binding of Antp-directed peptides to surface CS, known to be overexpressed on tumor cells, contributes to the preferential cytotoxicity.
Because of their ability to cross the plasma membrane with high efficacy, CPPs have received a great deal of attention as potential transporters of peptide-and protein-based drugs (4) . The ability of CPPs to enter a cell may be an important determinant of the fate of cargos that are unable to enter cells by themselves. Although variable uptake efficacy by different cell types has been observed (20, 25, 36) , the penetration of cells by CPPs is generally believed to be nonspecific. We found that conjugation of the p53 (12-26 aa) domain to different CPPs, however, resulted in differences in cytotoxicity. Of these CPPs, TAT, R9, and DPV3-directed p53 peptides (PT, PR9, and PD3, respectively) killed tumor cells and normal cells in similar numbers ( Figure 1B , C, and D). In contrast, Antp-directed p53-peptide (PNC27) preferentially killed tumor cells with IC 50 values that were 2-3 times lower than those obtained for normal cells ( Figure 1A) . Furthermore, the Antp-directed mitochondria-disrupting peptides, KGA (Figure 2A , left panel), BA27 ( Figure 3A , left panel), and BA28 ( Figure 3B , left panel), were also preferentially cytotoxic to tumor cells and had IC 50 values that were 3-6 times lower than those observed for normal cells. The TAT-directed mitochondria-disrupting peptides, TK (Figure 2A , right panel), TB27 ( Figure 3A , right panel), and TB28 ( Figure 3B , right panel), were equally cytotoxic to both tumor and normal cells. These results demonstrate that the leader peptide Antp contributes to the cytotoxic preference of Antp-directed peptides to tumor cells.
Unraveling the mechanisms that underlie CPP cell entry may aid in understanding the contribution of Antp to the preferential cytotoxicity of Antp-directed peptides. It is accepted that CPP-mediated cell penetration consists of three steps: (1) binding to some component of the plasma membrane (2) cell entry, and (3) subsequent release into the cytoplasm (22) . Historically, CPPs were thought to bind to and directly cross the plasma membrane in a receptorand energy-independent manner (21) (22) (23) . In recent years, direct translocation of CPPs has only been observed in areas of high CPP concentrations. At low micromolar concentrations, CPPs exhibit high affinity for cell surface GAGs and low affinity for the plasma membrane. Under these conditions, GAG-mediated transport appears to be the dominant uptake route for CPPs, while direct membrane penetration appears to contribute minimally (4, 23, 37) . It is possible, however, for low concentrations of CPPs to show heterogeneity in their ability to bind to and penetrate cells that express different surface GAGs.
GAGs are distributed as side chains of proteoglycans on the cell surface or in the extracellular matrix. They mediate the cell-cell and cell-ECM interactions that are essential for local tumor cell invasion and metastasis (27, 38) . Previous work has shown that CS is overexpressed in most malignancies, including brain tumors, osteosarcomas, lymphomas, histiocytoma, melanoma, breast, prostate, pancreatic, endometrial, oral, ovarian, testicular, laryngeal, gastric, lung, and monocytic leukemia cells (27, 39, 40) . In our experiments, we found that Antp and Antp-directed peptides bind to CS ( Figure 4A ) and that the presence of CS in the medium strongly (30-90%) inhibits both KGA-and BA27-induced cytotoxicity ( Figure 5A ). Moreover, enzymatic removal of CS significantly (30-50%) reduced the cytotoxicity of KGA and BA27 to tumor cells ( Figure 5C ). These results demonstrate that in tumor cells, CS is an important molecular portal for internalization of Antp-directed peptides. We also found that CS to be overexpressed on the tumor cells we tested and the cellular translocation of Antp and Antp-directed peptide BA27 to be positively related to the CS levels on tumor cells ( Figure 5D ). In addition, we compared the CS-levels and the cytotoxicity of Antp-directed peptides in untransformed fibroblast HSF and ras-transformed fibroblast HT1080 cells. Our results indicate that the cytotoxicity of Antp-directed peptides is related to CS-levels on both cell types ( Figure S7 ). These findings suggest that it is the initial binding of peptides to the overexpressed surface CS on tumor cells that contributes to the preferential cytotoxicity of Antp-directed mitochondria-disrupting peptides. Console et al. (20) , however, reported that preincubation of the peptide with CS (20 μg/mL) did not block the cellular uptake of Antp. One possible reason for this disparity is that the concentration of CS used in their experiment was too low to significantly inhibit the cellular uptake of Antp. In fact, we did not detect any obvious inhibition of the cytotoxicity of the Antp-directed mitochondria-disrupting peptides using a CS concentration of 25 μg/mL. We found the inhibition to be evident (30-90%) when the concentration of CS was increased to at least 50 μg/mL ( Figure 5A) .
In previous studies, some CS-binding molecules have been found to be important to targeted drug delivery. Lee et al. (41) showed that liposomes containing the cationic lipid 3,5-dipentadecycloxybenz amidine hydrochloride (TRX-20) displayed preferential tumor cell binding due to its affinity for CS GAGs. The TRX-20 liposome was more efficient than plain liposomes for the delivery of cisplatin to chondroitin sulfate-expressing cancer cells. Rezler et al.
(42) described a triple-helical peptide-amphiphile (α1(IV)1263-1277 PA) that specifically bound cell surface CD44/CSPG. A positive correlation between liposome and the CD44/CSPG receptor content in metastatic melanoma and normal fibroblast cell lines was found. Regardless of the CD44/CSPG receptor content, however, nontargeted liposomes delivered minimal fluorophore to these cells. These results demonstrated that the overexpression of CS on tumor cells is a bona fide target for drug delivery. Because CS is overexpressed on a wide variety of tumor cells, the CPP Antp has the potential to be a drug carrier for targeted cancer therapy because of its affinity for CS. Nevertheless, the cytotoxicity levels of KGA and BA27 in chondrocytes suggests that Antp-directed peptides may also induce nonspecific killing of CS-expressing normal cells by the same mechanism ( Figure S8 ). In addition, CS-mediated internalization may represent only one pathway for cell entry by Antp and Antpdirected peptides. These peptides may bind to other surface GAGs or to the negative lipid molecules on cell membranes (21, 23) . Therefore, the development of a targeted-drug delivery system for cancer therapy will likely require the identification of molecules that show greater specificity for CS. 3 ) were administered 100 μg BA27 per 100 μL PBS (treatment group) or equivalent volumes of PBS (control group) by intratumor injection. The mice were sacrificed 24 h post-injection and the tumor tissues were excised, paraffin-embedded, sectioned, and stained with H&E, TUNEL, and antibody against cleaved caspase-3 (original magnification × 400). 
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